Localizable templated growth of cobalt and tungsten nanocrystals on carbon nanotube (CNT) substrates using an in situ low pressure chemical vapour deposition (CVD) process in a scanning electron microscope is reported. Sparsely distributed individual nanocrystals of 8 nm minimum diameter and with growth rates up to 6.0 × 10 −4 µm 3 min −1 were obtained. The growth properties depend on the precursor decomposition temperature, CNT length, thermal conductivity, convective and radiative losses, and nanotube heating characteristics, with local Joule heating of individual CNTs additionally dependent on electrical contact resistances and thermal loading compared to global substrate heating. Growth dynamics during heating necessitate moderate local CNT temperatures in order to obtain well-dispersed individual nanocrystals along the nanotube shank and preclude extraneous growth. This process is prescribed as a repeatable and localized method for high-throughput fabrication of metallic nanocrystals and films for the electrical, mechanical and magnetic functionalization of nanotubes and nanowires. It may also be employed as a tool for direct visualization and study of CVD nucleation mechanisms on nanodimensional templates and characterization of thermomechanical properties of nanostructures including internal Joule heating and phonon propagation behaviour.
Introduction
Carbon nanotubes (CNTs) have been very intensely studied for both their fundamental physical properties and their potential applications. Due to their remarkable nanoscale electrical and mechanical properties [1] , carbon nanotubes have been explored not only for their intrinsic electrical and mechanical functionality but also as functionalization templates in applications such as detection of gas molecules such as NO 2 and NH 3 [2] , carbon nanotube-quantum dot (CNT-QD) heterojunctions for electronic device applications [3] , metallic scanning probe tips [4] and biological applications such as protein sensors [5] . In particular, CNT-metal cluster composites have been identified as future chemical sensors [6] and transition metal filled or coated single-walled CNTs for spin polarization (spintronics) applications [7] .
Although CNTs have demonstrated exciting and varied application possibilities, a crucial challenge is to controllably and reliably assemble CNTs and CNT composites into useful device configurations. Previously reported fabrication approaches include liquid dispersion of carbon nanotubes [8] , selective electrical breakdown of CNTs [9] , modified chemical vapour deposition processes [10] , thermolysis of solid-state patterned precursors [11] , ex situ wet chemical deposition [12] , chemical mineralization of compounds such as CdTe and CdSe [13] on CNTs, wet electrodeposition [14] and cobalt oxide beading on CNTs using a supercritical ethanol-CO 2 process [15] . Despite the existence of such techniques, significant technology gaps remain for the well-controlled, localizable and high throughput fabrication of specific carbon nanotube-based device configurations. Compliance with these three requirements is an essential pre-requisite for the viable application of templated CNT nanofabrication to future devices and products. Also, in situ observation of the nanostructure growth mechanisms in real time is currently not possible with these fabrication approaches, primarily due to the absence of a high resolution inspection capability. Post-fabrication high resolution analysis takes place ex situ, which possibly introduces the sample to unwanted degradation during sample exchange.
In this paper, we describe a technique for the in situ growth of nanodimensional metallic crystals and films on nanoscale substrates such as nanowires and nanotubes in a scanning electron microscope (SEM), thus allowing high resolution observation in real time. The technique intrinsically features large area, high throughput and localizable nanocrystal growth depending on the sample heating scheme used. This technique therefore leverages on the established prior art of carbon nanotube and silicon nanowire fabrication to enable specific functionalization of these nanostructures with high efficiency and controllable location, hence enhancing the mass-volume viability of potential future nanodimensional devices [16] . The technique can also be combined with SEM-based analytical tools such as energy dispersive x-ray spectroscopy (EDX), direct manipulation/electrical probing and voltage contrast to facilitate the study of nanocrystal properties in situ during growth.
Experimental methodology
For the proof of concept experiments, tungsten and cobalt nanocrystals were grown on multi-walled carbon nanotube (MWNT) templates. The MWNTs were obtained commercially from SES Research of Houston, TX. The MWNTs were grown using arc discharge and they have been characterized to be well-formed with minimal bamboo structure and forked-growth defects. The MWNTs were acid purified following the arc-discharge process to remove the catalyst material to form open-ended nanotubes and also to reduce amorphous carbon content. The MWNTs have diameters ranging from 2 to 20 nm and lengths from 100 to 2000 nm. An electrochemically etched tungsten tip with a nominal tip radius of curvature of 100 and 2 mm in length is dipped into the MWNT soot to selectively obtain a small MWNT cluster which produces well-separated individual protruding MWNTs necessary for localized direct probing of individual CNTs. Nanocrystal growth via a local thermal chemical vapour deposition (CVD) process takes place in an FEI XL30 FEG environmental scanning electron microscope (ESEM) as shown in figure 1 . The ESEM is fitted with two Kleindiek three-axis MM3A nanomanipulators, one of which serves as the mount for a gas injector system which introduces the organometallic precursor gas locally at the desired deposition site. The other nanomanipulator tip allows selective nanocrystal growth via localized Joule heating of individual CNTs [17] by direct contact probing, i.e. localized heating with the rest of the substrate and CNT network remaining essentially at room temperature. The nanomanipulators can be controlled in steps down to 0.5 nm, thus together with the ESEM's 5 nm (at 20 kV) imaging resolution providing sufficient spatial resolution for reliable direct contact and manipulation of the CNTs (with average diameters of 10-20 nm) to be achieved, as shown in figure 3 . The current source used is a Keithley 237 source measurement unit (SMU) operated in constant current mode. The constant current heating removes uncertainty of contact resistances from the procedure as electrical contact can be ascertained from the SMU's current and voltage compliance readings. Localized heating of an individual 1 µm long CNT with minimal interfacial contact resistance is obtained when a voltage compliance of about 1 V is recorded for a 50 µA current stress, corresponding to a typical best-case total resistance of 20 k . Alternatively, the entire CNT network can also be heated globally by spot-welding the tip onto a tungsten heater loop mounted on an SEM thermionic cathode stub. This choice of localized versus global heating allows the study of heating dynamics and verification of the scalability of this process for thermal CVD growth of metallic nanocrystals on CNTs. The ESEM implementation also allows in situ realtime observation of the nucleation process. Post-SEM analysis at sub-nanometre resolution was performed in a JEOL 2010F high resolution transmission electron microscope (HR-TEM) to verify the microstructural and crystallographic properties of the nanocrystals grown. The sample was mounted onto a 3 mm TEM specimen holder, taking care that:
(i) the CNT-tungsten wire assembly is short and secure enough to avoid vibration of the CNTs while being imaged in the TEM; (ii) the CNTs reside within the same plane as the sample holder to lie within the focusing range of the TEM.
For the current experiments, tungsten hexacarbonyl (W(CO) 6 ) and dicobalt octacarbonyl (Co 2 (CO) 8 ) precursors are used for the growth of tungsten and cobalt nanocrystals, respectively. The physical properties of the precursors are summarized in table 1. Precursor vapours are generated from organometallic precursors (in solid phase at room temperature) using a temperature-controlled heated reservoir, and regulated using a heated delivery assembly. The ESEM's specimen chamber pressure is set at 4 × 10 −5 Torr, while the local pressure around the growth region during nucleation is estimated to be of the order of 10 −2 -10 −3 Torr.
Tungsten and cobalt nanocrystal growth for local and global heating configurations was first studied. In the local Joule heating experiments, protruding CNTs were individually contacted using the nanomanipulator and a constant current of 50 µA was passed through for durations ranging from 10 to 40 s. Although the CNTs formed a dense network with multiple possible current paths, it was observed that heating and nanocrystal formation was obtained only on the particular CNT being probed; this is likely due to: (i) current and thermal shunting of the CNTs within the network which resulted in temperatures below the nucleation threshold; (ii) thermal heatsinking of the network by the tungsten substrate. The large thermal mass of the nanomanipulator tip is also expected to be a significant factor in the resultant growth dynamics for the local heating configuration. For global heating, a current of 1.9 A passing through the 8 mm long, 100 µm diameter heater loop dissipates 0.184 W, resulting in a steady-state heater temperature of about 400
• C in high vacuum measured in situ using a miniature Pico Technology Type-K thermocouple for a 8-15 s CVD heating cycle. However, the actual temperature of the CNTs is expected to be lower than 400
• C, especially for high-aspect-ratio carbon nanotubes in poor thermal contact with the substrate due to limited thermal diffusivity across the substrate-CNT interface, and radiative and convective heat losses [18, 19] . At relatively low CNT temperatures (below 400
• C), convection cooling by the precursor gas flow and interface phonon transport are expected to dominate the CNT temperature profile and affect the nanocrystal growth properties. . SEM images of cobalt nucleation on a multi-walled CNT under local heating: (a) evenly distributed nanocrystal growth along a CNT due to relatively uniform CNT temperature profile (a nucleation video is available at stacks.iop.org/Nano/17/2373); (b) localized autocatalytic crystal growth at mid-shank due to a local CNT temperature peak; (c) cobalt nucleation predominantly at the probe tip end of a CNT (circled) due to high contact resistance at the tip-CNT interface.
Experimental results
Results from cobalt and tungsten growth are presented in the SEM and transmission electron microscope (TEM) images in figures 2-6. For cobalt, nanocrystal formation was obtained under both global and local heating; the respective results are shown in figures 2 and 3. This is expected as the temperatures of the CNTs in both heating schemes exceeded the relatively low 52
• C decomposition temperature of dicobalt octacarbonyl. Global heating tends to produce denser cobalt nanocrystal formations on shorter CNTs (below 400 nm; e.g. CNT A in figure 2), and progressively sparser nanocrystal growth as the CNT length increases (CNTs B, C and D). This demonstrates the effect of convective and radiative thermal losses on the CNT temperature profile which in turn determines the local rate of nucleation. The presence of nanocrystal growth at the CNT tip and the generally uniform nanoparticle distribution in figure 2 imply that the entire CNT is roughly isothermal despite the presence of convective losses, indicating high thermal conductivity of the CNT relative to thermal losses and hence provide further experimental evidence to support the high CNT thermal conductivity values reported elsewhere [20, 21] .
In the case of local resistive heating, the nanocrystal growth behaviour is a strong function of thermal loading and the electrical contact resistance between the CNT and the nanomanipulator tip [22] . Figure 3(a) shows an example of high contact resistance where the CNT was heated uniformly along the entire shank, resulting in uniform precursor decomposition and nanocrystal growth (a nucleation video is available at stacks.iop.org/Nano/17/2373). Figure 3(b) represents the case where only the centre of the CNT is hot enough for local CVD growth; the ends do not attain sufficiently high temperatures due to thermal heatsinking by the tip and substrate coupled with reduced resistive heating at the ends from low contact resistances. Aggregate growth rates were quantified using heating durations and assuming hemispherical nanoparticle volumes derived from SEM and TEM measurements of the nanocrystal dimensions. For localized growth, cobalt nanocrystals with dimensions down to 18 nm were formed with growth rates up to 6.0 × 10 −4 µm 3 min −1 . In other cases, significantly higher nanocrystal growth rates of 2.0 × 10 −2 µm 3 min −1 were observed, likely due to accelerated cobalt formation due to an autocatalytic mechanism from localized temperature elevations [23, 24] ; such superfluous growth was mostly observed in the middle of the locally heated CNTs as shown in figure 3(b) . However, autocatalytic growth along the entire shank of the CNT from gross overheating can still result, especially in the absence of thermal loading and reduced convective losses such as the substrate (global) heated growth of figure 2. Figure 3 (c) provides another example of the contribution of resistive heating on the resultant temperature distribution for localized CVD growth. In this case, poor electrical contact between the tip and the CNT resulted in high contact resistance and hence the predominantly interfacial heating resulted in cobalt nanocrystal growth concentrated at the tip end of the CNT.
In the case of tungsten carbonyl, nanocrystal growth was achieved only for global heating (figure 4); local CNT heating using currents up to 100 µA did not yield any tungsten formation. This is likely to be due to locally heated CNT temperatures not reaching the 150
• C decomposition temperature of tungsten carbonyl despite prolonged heating, hence precluding CVD growth in this case. Higher current drives were not an option as the CNTs were destroyed beyond 100 µA, most probably due to premature defect-induced electrical breakdown [9] . Otherwise, tungsten nanocrystal minimum diameters of about 8 nm and maximum growth rates of 2.5 × 10 −4 µm 3 min −1 were observed. As in the case of cobalt growth, the density of tungsten nanocrystal growth increases with the CNT temperature as shown in figures 4(a) and (b). From the TEM selected area electron diffraction (SAED) patterns, the tungsten nanocrystals consist figure 5(b) ), hence confirming the possibility of multi-crystal formation in addition to single-crystal growth. The crystal orientation of the tungsten nanoparticles also appears to be randomly oriented relative to the CNT walls without any orientation preference as shown in figure 6 . Despite the presence of carbon from the organometallic precursor, no carbide phases were detected from the SAED patterns. Further studies are currently underway to more comprehensively understand the nanostructural properties and nucleation mechanisms of these metallic nanoparticles.
The results presented here therefore confirm the viability of localized CVD growth as a directed approach to metallic nanocrystal growth on nanodimensional templates such as carbon nanotubes. As the substrate can remain essentially at room temperature in the case of local resistive heating, this technique may serve as the crucial bridge for integrating existing microscale electronic device building blocks and novel nanostructures while using established microelectronic fabrication processes, hence facilitating the eventual adoption of nanotechnology in mass-volume manufacturing.
Conclusions
In conclusion, a method for the synthesis of metallic nanocrystals on carbon nanotube templates by chemical vapour deposition in a scanning electron microscope that can be viewed in situ has been demonstrated. Sparse growth of nanocrystals down to 8 nm in diameter was attained using local Joule heating of selected CNTs by controlling the temperature of the local growth site so as to avoid superfluous growth due to autocatalysis and other enhanced growth mechanisms. Higher throughput nanocrystal growth can be attained via global substrate heating. These attributes point to the future promise of the process as a well-controlled, high-throughput fabrication of metallic nanocrystals and films for the magnetic and electrical functionalization of nanotubes and nanowires that can be realized using existing microelectronic fabrication processes.
